Formation of the deposits of protein aggregates-amyloid fibrils in an intracellular and intercellular space-is common to a large group of amyloid-associated disorders. Among the approaches to develop of therapy of such disorders is the use of agents preventing protein fibrillization.
| INTRODUCTION
The formation of insoluble linear protein aggregates also known as amyloid fibrils is common to a large group of human diseases, including amyloidosis and neurodegenerative disorders. The list of these diseases includes more than 20 disorders such as neurodegenerative (Alzheimer's, Parkinson's diseases), hereditary amyloidosis, prion diseases, and type II diabetes mellitus. [1] [2] [3] One of the important approaches to affect an amyloid formation process is the discovery of molecules with different structures potentially able to target this process.
Polyaromatic scaffolds belonging to chemical classes of porphyrins and phthalocyanines are widely studied as high potential antiamyloidogenic agents. [4] [5] [6] Among such compounds, metal-containing tetrasulfonated phthalocyanines ( Figure S1 in Supporting Information)
have been described as efficient inhibitors of α-synuclein fibrillization. 5 the central metal atom, the most pronounced effect was observed for
Ni-containing phthalocyanine with formation of small, amorphous aggregates and flat fibrils (in comparison with Al-containing and Zn-containing phthalocyanines as well as metal-free ones ( Figure S2 in Supporting Information).
Previously, we have discovered the anti-fibrillogenic activity of axially coordinated phthalocyanines (Figure S3 in Supporting Information) that are the complexes with "spatial geometry" of the molecule. [7] [8] [9] It has been shown that these phthalocyanine complexes are able to affect amyloid aggregation of proteins redirecting their fibrillization toward the formation of oligomeric aggregates or substantially inhibiting the formation of the fibrils. 7, 8 The impact of such phthalocyanine on morphology of the formed amyloid aggregates largely depends on the nature of the out-of-plane ligand.
In the present work, we examine the anti-fibrillogenic activity of the structure-related macrocyclic complexes Mg and Zn phthalocya- 
| MATERIALS AND METHODS

| Materials
Mg and Zn phthalocyanines were prepared by metal template synthesis based on the corresponding metal alkanoates by methods described in Chernii et al 10 ; octaphenylporphyrazines were synthesized using general methods described in Cook and Linstead. 
| Scanning electron microscopy studies
SEM studies of the products of fibrillization reaction of insulin in the absence and in the presence of the studied compounds were carried out using FEI NovaNano 450 scanning electron microscope. For layer deposition, the samples of insulin amyloid aggregates at the concentration of 340 μM were diluted 15 times with distilled water. Then, a drop of the solution was applied to the special surface (ITO-tin-doped indium oxide coated glass); the sample was studied after water evaporation. We use such parameters as 5 kV (useful for biological objects) and 5-mm distance. The length of the fibrils was determined using Gwyddion program.
| Dynamic light scattering
Buffers were filtered through a 0. 
| Scanning electron microscopy study
We study the impact of Mg and Zn phthalocyanines and porphyrazines on the morphology of amyloid aggregates of insulin by SEM (Figure 3 ).
Free insulin forms elongated filamentous species of the length 1.4 to 2 μm (Table 1 ) often with the branched structure. In addition, insulin fibrils have a proneness to lateral aggregation and thus form the so-called bundles 15 ( Figure 3A,B) . The high density of the fibrils and their bundles on the image may point on high intensity of the fibrillization reaction.
Previously, we have reported the ability of phthalocyanines with out-of-plane ligands to redirect the insulin fibrillization toward the formation of different kinds of aggregates (oligomeric or amorphous species) or cause changes of morphology of fibrils. 7, 8 In the presence of earlier studied Hf phthalocyanine bearing quinolinium styryl ligand, the thinning and elongation of the fibrils are observed. 16 Influence of the studied there macrocyclic compounds on the morphology of the formed insulin aggregates is less significant.
It is seen from the Figure 3 that in the presence of macrocyclic compounds the filamentous aggregates remain the main product of the fibrillization reaction.
The insulin aggregates formed in PzZn presence are elongated filaments ( Figure 3C,D) with the length in the range 0.8 to 1.6 μm (Table 1) of the strongly branched structure and proneness to lateral aggregation. (Table 1) ; moreover, a huge rod-like aggregate with the size of 4.3 μm is formed ( Figure 3J ). Figure 4 . Because of intrinsic heterogeneity of fibrils in their suspension, there is typically a distribution of particle shapes, sizes, and thus hydrodynamic radius values. 17 It should be noted that fibrillar structures are not trivial to study by light scattering even in stationary solutions. 18 In our case, the solutions of fibrils with different shapes (separate fibrils, branched fibrils, or mature fibrils clusters) and sizes L, fibril length, determined basing on SEM images (presented in Figure 3 and not presented ones); d, apparent hydrodynamic diameter.
are characterized by estimated apparent hydrodynamic radius based on the sphere approximation. The values of apparent hydrodynamic radius for the fibrils can reach up to several micrometers due to a rod-like fibrils morphology. 19 Because we have shown by SEM the formation of fibrils of similar morphology in the presence of all complexes, we also compare the apparent hydrodynamic diameter of these fibrils obtained by DLS.
For this purpose, the apparent diffusion coefficients are estimated from the plots of Γ/q 2 on q 2 and are then converted to an apparent hydrodynamic diameter (Table 1) In insulin, the histidine residue H10 ( Figure 5 ) is involved in hexamer formation by Zn +2 coordination. 21 This H10 is located near the amyloidogenic sequence (11)LVEALYL (17) in insulin B-chain, which is responsible for the formation of fibril core. 22 Generally, the structural basis for the effect of macrocyclic compound on amyloid fibril formation relies on specific π-π interactions between the aromatic ring system of these molecules and aromatic residues of protein. 4 However, we suppose that due to the men- 
| SUMMARY
The effect of macrocyclic complexes Mg, Zn porphyrazines, and phthalocyanines on the insulin fibrillization has been studied using fluorescent spectroscopy, SEM, and DLS techniques. Anti-fibrillogenic properties of porphyrazines are explored for the first time.
According to the fluorescent assay, Mg-containing compounds reduce the intensity of fibrillization reaction (54% for Mg phthalocyanine and 40% for Mg porphyrazine) more strongly than corresponding Zn-containing analogues (up to 17%). Hence, the nature of central metal ion could noticeably impact the anti-fibrillogenic activity of macrocyclic complexes. Here, it is explained by the strong tendency of Zn ions to coordination with histidine residues.
SEM images demonstrate that insulin forms predominantly filamentous aggregates when free and in the presence of studied complexes. Fibrils of free insulin are 1.4 to 2 μm long with intense tendency to lateral aggregation. In the presence of porphyrazines, the shorter fibrils with the length of 0.6 to 1.6 μm grew. In the case of phthalocyanines, the high dispersion of the length of the fibrils (0.9-2.7 μm) is observed.
Average dimensions in fibril populations estimated by DLS correlate with the size of the corresponding single fibrillar species determined by SEM.
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